Spin-coating technique is very fast, cheap, reproducible, simple and needs less material to fabricate films of particulate systems/colloids. Their thickness and uniformity may be controlled by means of external fields. We apply magnetic fields during the spin-coating of a moderately concentrated superparamagnetic colloid (made of silica coated magnetite particles). We study the influence of different magnetic field configurations (homogeneous and inhomogeneous) on the resulting spincoated deposits and compare experimental results under various conditions. Superparamagnetic colloids behave as, non-Newtonian, magnetorheological fluids. Their viscosity vary significantly under applied magnetic fields. We measure and compare the effect of uniform and non-uniform magnetic fields on their relative effective viscosity, using the spin-coated deposits and a previously existing model for simple colloids. The mechanisms involved in the deposits formation under different experimental conditions are also discussed. In particular, we show that the magnetophoretic effect plays an important role in the spin-coating of magnetic colloids subjected to non-uniform magnetic fields. We characterize an effective magnetoviscosity in non-uniform magnetic fields that is largely influenced by the magnetophoretic effect that enhances the flow of the magnetic fluid.
I. INTRODUCTION
Spin-coating technique has been introduced in colloids to fabricate thin films and colloidal crystals since long [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . It is simple, reproducible and requires little material to get results in a very short time [15] . The thickness and uniformity of spin-coated films which are important parameters for their technological applications, depend on experimental conditions including; the spin time and speed, the viscosity of fluids, the density and the evaporation rate of the fluids, concentration of the suspension and the substrate surface characteristics. The flow behavior as a function of the fluid properties in spincoating process helps to recognize its strong performance in applications and has been investigated by many research groups through different models and experiments [2, 3, 5, [16] [17] [18] [19] [20] [21] . Spin-coating of nano-colloids has been thoroughly explored in the literature for almost a century [1] . However, for colloids of bigger particles, external fields have been used recently for tunning their effect which is not yet fully understood [22] [23] [24] [25] .
The rheological effects of magnetic fields on magnetic fluids have been studied from mid-twentieth century [26] [27] [28] . One of the most important result is that the viscosity of a magnetic fluid increases monotonously on applying a magnetic field, until it reaches a saturation value.
Superparamagnetic particles of typical size ranging from 100 nm to a few micrometers are prepared by inserting magnetic nanoparticles in a matrix of non-magnetic material (polystyrene or silica). They show a quasi-zero remanent magnetization and high magnetic response [29] . They have many interesting applications in the biomedical field, e.g. drug delivery; to deliver medicines to arteries and veins in the circulatory system of the body, due to their high magnetic response [30] . To use them for this kind of applications, superparamagnetic colloids are first functionalized to capture their specific targets. Then, magnetic gradient is applied for removing them from their targets through magnetophoresis [31] . Where, magnetophoresis defines the motion of magnetic particles in a magnetic gradient. An magnetic field results in the formation of superparamagnetic particles chains along the magnetic field which enhances the process of separation [32] . As the homogeneous magnetic fields can not induce a drift velocity in magnetic particles therefore a magnetic gradient is required for having magnetophoresis [29] .
The effect of homogeneous external magnetic fields on the behavior of diluted simple superparamagnetic [22] as well as hybrid ferromagnetic [25] colloids in spin-coating have been studied. They observed an increase in the solid deposits on the substrate with applied magnetic field as compared to the sparse structures deposits obtained without applying magnetic fields. Later, they measured the magnetoviscosity of colloids from the amount of spincoated deposits obtained without and with homegeneous magnetic fields [24, 25] , by generalizing a continuum model [20] to particulate systems. In summary, they proved that external uniform magnetic fields only affect the magnetoviscosity (an increase in the viscosity when a magnetic field is applied [27] ) of magnetic colloids, and that the generalized model holds for diluted magnetic colloids.
In this article, we use the same previously proved generalized model for colloids [24, 25] , to measure the magne-toviscosity as a function of different magnetic field configurations in spin-coating. Here, moderately concentrated suspension of superparamagnetic particles in a volatile solvent is used. We measure the surface coverage of the dried deposits obtained without, with uniform and with non-uniform magnetic fields that are applied during the spin-coating of the suspension. Firstly, the experimental setup and methods are described. After, the previously existing models [20, 24, 25] for simple fluids and colloids are highlighted. Finally, the results obtained through spin-coating at various experimental conditions are presented and discussed. Our results corroborate that spincoating technique allows to study magnetorheology in a very short time using a uniform magnetic field, and that the increase in effective viscosity of the colloids is the only effect of the applied magnetic field [24, 25] . However, when the magnetic field is not uniform, there are other relevant effects, namely magnetophoretic effect, which leads to a decrease of the effective viscosity.
II. EXPERIMENTAL METHODS
Experiments are performed in a customized commercial spin-coater (Laurell technologies, WS-650SZ-6NPP/LITE/OND) at rotation rate of 2000 rpm. The photograph of the spin-coater provided with Helmholtz coils is shown in Figure 1A . Sketches of the experimental setup evidencing applied magnetic field of various configurations obtained by a pair of Helmholtz coils which are placed in such a way that the substrate spins in the region of uniform axial (Figures 1B-C) and nonuniform fields ( Figures 1D-E ). Different applied magnetic field configurations are generated by adjusting the orientation of a fixed electrical current (5 A) in these coils with an external power supply. Using this experimental setup we obtain four different configurations of the magnetic field which are detailed in the Superparamagnetic particles obtained from microParticles GmbH, Germany, that consist of silica coated magnetite of diameter 1.51±0.05 µm (density = 1.6 -1.8 g/cm 3 ), are used for all experiments. Their magnetic properties can be found in the Electronic Supplementary Information of [24] . The particles are dried overnight and then weighted for preparing suspension of concentration of 12.82 %(v/v) in Methyl Ethyl Ketone (MEK).
The estimated dynamic viscosity of the colloid (at zerofield) is 55% bigger than the one of the solvent alone [33] . The suspension is ultrasonicated for fifteen minutes before each experiment. The spin-coater is operated at 2000 rpm and the magnetic field H is applied. Then, 100 µl of suspension is pipetted onto the spinning substrate. Once the spun suspension is dried, the field is turned off. Images of the dried deposits on the substrates are taken with a white light reflection microscope at 2 mm intervals from the center of spinning. After, we analyzed one micrograph for each set (H, r), where r is the distance from the center of spinning.
For all experiments, glass substrates of an approximate size of 38 x 25 x 1 mm 3 are used. First, they are cleaned in soft basic piranha for forty minutes at 67
• C (piranha is a mixture of ultra-pure water/ammonia/hydrogen peroxide with the ratio of 5:3:1 in volume). Next, they are rinsed with ultra-pure water. Finally, they are dried by a filtered air blow. Figure 1B -E, respectively. As in Figure 2 , we see that the deposits from all the experiments are mainly mixtures of mono and bilayers. We identify the regions with monolayer, bilayer (and occasionally empty space) by using their wavelength dependence for Bragg reflected light [34] . As color information is useful, for each micrograph (e.g. Figure 3A) , we invert the color field and adjust brightness and contrast (e.g. Figure 3B ), and perform RGB decomposition (where the relevant channels to our experiment can be seen, e.g., in Figure 3C-D) . Finally, we threshold the images, to characterize the amount of deposit using home-made routines in Octave, and use it for further analysis, in terms of occupation factor ε 2 i (area occupied by particles in a specific layer i divided by the substrate area). A model [20] by Cregan et al., that depends on the lubrication approximation and uses the matched asymptotic expansions technique, provides a much better solution than the one obtained by Meyerhofer [3] for spincoating of simple fluids with evaporation. Among its assumptions the most important include the following; it considers the evaporation rate constant, the system is continuous (i.e. not particulate) and the fluid is Newtonian. The thickness (or height) of the final spin-coated film of Cregan's model depends on the parameters of the suspension and on the spin-coating procedure. The resultant equation giving the final deposited film thickness (h 
where, C is the volume fraction, ω is the rotation rate, ν is the kinematic viscosity of the solvent, and E is the evaporation rate of solvent. This model holds also for colloidal systems [24, 25] , once the appropriate adaptations have been taken.
B. Colloids model.
In a colloidal system, the effective local amount of matter deposited on the substrate depends on the geome- analysis to obtain CEH.
try of deposited structure and is defined as the compact equivalent height (CEH), which is the thickness of a continuous homogeneous layer whose volume is the same as all the particles deposited. In general, it is obtained from the product of atomic packing fraction and the Voronoi cell [35] volume. Shortly, for a colloidal or particulate system, h (s) ∞ of eq. 1 for simple fluids, has to be replaced by CEH. Hence, eq. 1 for the final colloidal film thickness becomes:
where in our experiments C = 0.1282 (v/v) and ω = 2000 rpm.
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For each layer i of a colloidal deposit with a particular structure we can write:
where K is a constant that comes from the geometry of the deposited structure and ε 2 i is measured through imaging techniques, as discussed above. In our case, it is a good approximation to consider those layers as 2d hexagonal close packed structure, and thus K = 2π 3 √ 3 · R, where 2R is the diameter of the colloidal particles. Here, e.g. in Figure 3B we can see monolayer and bilayer deposits in different colors, therefore we measure total CEH as:
where CEH i is the thickness of a continuous homogeneous layer whose volume is the same as the particles deposited on layer i (Figure 4 ). Pichumani et al. [24] used colloids model and compared two experiments results obtained in the same conditions, except for the applied magnetic fields. That comparison resulted in the ratio of CEH, measured from the experiments performed with and without magnetic fields, using eq. 2.
The kinematic viscosity ν is the only parameter which may depend on the applied magnetic field, and we can take the ratio of eq. 2 when a field is applied over the same at zero-field. That gives information of the relative effective viscosity:
IV. EXPERIMENTAL RESULTS AND DISCUSSION Figure 3C -D are typical images, for a given sample, that allow to measure ε Figures 5 and 6 . We obtain Figure 6 by averaging CEH of Figure 5 over r for without and with magnetic field of different configurations (detailed procedure is explained elsewhere [36] ). In both figures, we see that the final thickness and the uniformity of deposits depend on the distance from the center of rotation [19] as well as on the configuration of applied magnetic fields. For the uniform applied magnetic fields (H u and H d ) we have larger values of CEH than for the non-uniform magnetic fields (H o and H i ). From eq. 5 and Figure 6 , we obtain Figure 7 . On the one hand, we can observe a large increase in the magnetoviscosity for uniform magnetic fields as compared to the viscosity at zero-field. On the other hand, for non-uniform magnetic fields a decrease in the effective viscosity is observed, also compared to the viscosity at zero-field. In these configurations (H i and H o ) there is a gradient of the magnitude of the magnetic field pointing outwards in the radial direction. As a consequence, there is a magnetic force on each dipole (superparamagnetic particle) also in that direction. This is part of the magnetophoretic effect, that leaves less deposits on the rotating substrate (see H o curve in figure 5 ). This can be regarded as a result of a smaller effective viscosity, which actually is not related to the true magnetoviscosity of the system.
V. SUMMARY AND CONCLUDING REMARKS
We report results on the spin-coated deposits of a moderately concentrated superparamagnetic colloid in volatile solvents when different magnetic fields are applied. They are compared with those obtained from the experiment performed at zero-field.
The case of uniform (homogeneous) magnetic fields (H u and H d ) shows that the magnetorheological spincoating technique [24] is consistent, and also useful for moderately concentrated superparamagnetic colloids. It is possible then, to measure the CEH statically, and compare it to the zero-field CEH to obtain the magnetoviscosity.
The case of non-uniform magnetic field configurations (H i and H o ) shows a decrease in the effective magnetoviscosity when calculated through the colloidal deposits (CEH). This happens because of the gradient of magnetic field that induces magnetophoresis effect and, consequently, enhances the hydrodynamical flows out of spinning center. Thus, under non-uniform magnetic fields the colloids flow as they were less viscous, although the (true) magnetoviscosity is higher than the viscosity at zero-field. Although we have presented the main effect of external inhomogeneous magnetic fields on the effective magnetoviscosity of a magnetic colloid in spin-coating, further research is required to identify the dynamics of the drying suspension. Moreover, with the methods discussed here more experiments have to be done to study effective magnetoviscosity in more concentrated suspensions at applied non-uniform magnetic, which might be important for the technological applications of superparamagnetic colloids.
